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SUMMARY ,369s' 
An inves t iga t ion  w a s  conducted with models of t h e  Apollo Launch Escape 

Vehicle t o  determine t h e  s t a t i c -  and dynamic-stabil i ty c h a r a c t e r i s t i c s  and drag. 
The s t a t i c - s t a b i l i t y  and drag coe f f i c i en t s  were obtained from low-amplitude 
o s c i l l a t o r y  motions of t h e  models and they compared reasonably we l l  wi th  wind- 
tunne l  data. The dynamic s t a b i l i t y  appea red to  be a func t ion  of t h e  maximum 
angle  of o s c i l l a t i o n  and Mach number. . 

- .  
INTRODUCTION 

I n  t h e  event of a mission abor t  during the launching of t h e  P ro jec t  Apollo 
spacecraf t ,  t h e  escape rocket w i l l  separate  the command module from t h e  booster.  
The escape rocket ,  escape tower, and command module comprise t h e  Launch Escape 
Vehicle (L.E.V.). 
maneuver, t h e  L.E.V. w i l l  coast  f o r  a shor t  per iod of time before  t h e  tower and 
rocket  separate  from t h e  command module. Free- f l igh t  t e s t s  were conducted.on 
models of t h e  L.E.V. t o  determine t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  and drag during 
t h e  coast ing phase of t h e  abor t  maneuver. The tes t s  were conducted i n  t h e  Ames 
Pressurized B a l l i s t i c  Range a t  nominal Mach numbers 0.7 and 1.2, with corre- 
sponding Reynolds numbers of 0.8~10~ and 1.4x1O6 based on free-s t ream condi t ions 
and model diameter. 
roughly correspond t o  t h e  abor t  condi t ions a t  60,000 f e e t  a l t i t u d e .  

Following burnout of t h e  escape rocket  during t h e  abor t  

The higher Mach number and Reynolds number condi t ions 

SYMBOLS 

A f r o n t a l  a r ea  

CA a x i a l  force  c o e f f i c i e n t ,  force , dimensionless 
SA 

CD drag c o e f f i c i e n t ,  -, drag dimensionless 
SA 

SA 
l i f t  CL l i f t  c o e f f i c i e n t ,  -, dimensionless 
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l i f t - cu rve  slope, , per  rad ian  

p i t ch ing  moment, dimensi;nless 
gAd 

pitching-moment coe f f i c i en t ,  
* 

rate of change of Cm with 0, (2) , per  rad ian  
0 %rim 

damping-in-pitch der iva t ive ,  acm + , dimensionless a ( 6d/v) a ( 6d/v) 

normal force  c o e f f i c i e n t ,  force, dimensionless 

maximum diameter of model, f t  

moment of i n e r t i a  about a longi tudina l  a x i s  through t h e  center  

SA 

of grav i ty ,  slug-ft2 

moment of i n e r t i a  about a t ransverse  axis through t h e  center  of 
g rav i ty  and perpendicular t o  t h e  plane of mass symmetry, 
slug- f t 

constants  i n  equation (l), deg 

mass of model, slugs 

r o l l  parameter, rate, r a d i a n s l f t  ve loc i ty  

free-stream dynamic pressure ,  l b / f t 2  

Reynolds number based on maximum diameter and free-s t ream con- 
d i t i ons ,  dimensionless 

radius  of gyra t ion  about a t ransverse  axis through t h e  center  of 
g rav i ty  and perpendicular t o  t h e  plane of mass symmetry, f t  

ve loc i ty  along f l i g h t  pa th ,  f t / s e c  

dis tance along f l i g h t  pa th ,  f t  

axial  dis tance from center  of hea t  sh i e ld  t o  center-of-gravi ty  
pos i t ion ,  f t  

t ransverse d is tance  from model center  l i n e  t o  center-of-gravi ty  
pos i t ion ,  f t  

angle of a t t a c k  ( i n  the v e r t i c a l  p lane)  , deg 

angle of s i d e s l i p  

damping exponents 

( i n  t h e  ho r i zon ta l  p lane)  , deg 

i n  equat ion (11, f t - l  
B 
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wave l eng th  of p i t ch ing  o s c i l l a t i o n ,  f t / cyc le  

d$m.mic-s tabi l i ty  parameter, CD - C + (Cmq + Cm3) (G- 
free-s t ream air  densi ty ,  s lugs / f t3  

r e s u l t a n t  angle of a t t ack ,  tan-’J tan2 a, + t an2  P ,  deg 

2 

Li3 

maximum r e s u l t a n t  angle of a t t ack ,  deg 

root-mean- square angle of a t t ack ,  / J F X  X ? deg 

frequency of p i t ch ing  o s c i l l a t i o n ,  radians/sec 

r a t e s  of r o t a t i o n  of vec tors  which describe t h e  model p i t ch ing  motion, 
r ad ians / f t  

reduced frequency parameter, dimensionless 

MODELS AND TEST CONDITIONS 

sketch of t h e  model used i n  t h i s  inves t iga t ion  i s  shown i n  f i g u r e  1. 
For these  scaled models, t h e  complex escape-tower s t ruc tu re  of t h e  f u l l - s c a l e  
vehicle  w a s  s impl i f ied  t o  have four  members. For t h e  f i r s t  model launched, t h e  
tower w a s  f u r t h e r  s impl i f ied  t o  reduce machining time; it consis ted of a s ing le  
member 0.128 inch i n  diameter ( see  f i g .  2 ( a ) ) .  
and (b)  shows no obvious d i f fe rences  i n  t h e  flow c h a r a c t e r i s t i c s  of t h e  two 
models with d i f f e r e n t  tower s impl i f ica t ions  and the re  w a s  no apparent e f f e c t  on 
t h e  aerodynamic c h a r a c t e r i s t i c s .  However, with t h e  four-member s impl i f i ca t ion  
t h e  r o l l  r a t e  could be estimated from the  spacing between t h e  four  members on 
successive shadowgraphs. 
and t h e  four-member s impl i f i ca t ion  w a s  used i n  a l l  subsequent tes ts .  

A comparison of f igu res  2 ( a )  

This w a s  found t o  be he lp fu l  i n  analyzing t h e  motions, 

The models were machined from 7075-T6 aluminum a l l o y  and had a maximum 
diameter of 2 inches.  They were b a l l a s t e d  with a tungsten a l l o y  t o  give t h e  
des i red  center-of-gravi ty  loca t ion ,  which corresponds t o  burnout condi t ions of 
t h e  escape rocke t .  The four-member tower was made of 1/16-inch-diameter music 
wire .  

The inves t iga t ion  w a s  conducted i n  t h e  Ames Pressurized B a l l i s t i c  Range. 
Time-distance and a t t i t u d e  h i s t o r i e s  were recorded a t  24 spark- shadowgraph sta- 
t i o n s  along i t s  203-fo0t length .  The models were gun launched i n t o  atmospheric 
a i r  and t e s t e d  a t  two nominal Mach numbers, 0.7 and 1 .2 .  
Reynolds numbers were 0.8~10~ and 1.k106 based on free-stream condi t ions and 
model diameter.  Because of t h e  asymmetry of t h e  model, it trimmed a t  an angle 

The corresponding 
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of a t tack  of about 2' and l i f t e d  or  swerved out of t h e  instrumented region of 
t h e  range a f t e r  120 t o  160 f e e t  of f l i g h t .  
f i gu re  3. 

A model and sabot are shown i n  

DATA REDUCTION b 

The s t a b i l i t y  da ta  were obtained from analyses of t h e  p i tch ing  and yawing 
motions of each f l i g h t .  
of a and P by a leas t - squares  f i t  

The following equation w a s  f i t t e d  t o  measured values  

Equation (1) i s  t h e  so lu t ion  of t h e  l i n e a r  d i f f e r e n t i a l  equation of motion as 
given i n  reference 1. 
moment system w a s  assumed. 

I n  t h e  development of t he  equation a l i n e a r  fo rce  and 

The s t a t i c - s t a b i l i t y  parameter, Go, w a s  computed from t h e  wave length  of 
o s c i l l a t i o n  by means of t he  r e l a t i o n  

where 

?"ne dynamic- s t a b i l i t y  parameter , 
and q2 by means of t h e  r e l a t i o n  

E, w a s  determined from t h e  constants  "ill 

where 

The r o l l  parameter, p ,  i s  r e l a t e d  t o  t h e  constants  w1 and w 2  by t h e  
r e l a t i o n  

I 
p = 2 (wl - up) 

I X  

The data-reduction program was unable,  i n  most cases ,  t o  give an accept- 
a and P of a complete f l i g h t .  ab le  f i t  of equation (1) t o  a l l  t h e  values  of 

4 - 



This w a s  clue t o  ihe hi& Iy / Ix  ratio of the rnndkls  which caused p ( see  
eq.  ( 2 ) )  t o  be s u f f i c i e n t l y  l a rge  t h a t  it had a s i g n i f i c a n t  inf luence on t h e  
fit of equat ion (1) t o  t h e  data. 
equat ion (1) t o  t h e  values  of of a f l i g h t ,  it w a s  necessary,  i n  most 
cases ,  to 'd iv ide  each f l i g h t  approximately i n  h a l f  and analyze each h a l f  sepa- 
ra teJy . 

Consequently, i n  order t o  g e t  t h e  b e s t  f i t  of 
a and P 

Free - f l i gh t  motions of t h e  L.E.V. models i n  the a-P plane a r e  shown i n  
f i g u r e  4 .  The motions are t y p i c a l  of an  asymmetric r o l l i n g  body s ince  they  a r e  
not symmetric about t h e  o r i g i n  nor a r e  t h e  e l l i p s e s  of uniform e c c e n t r i c i t y .  
The numbered data po in t s  correspond t o  the  s t a t ions  a t  which t h e  model had t h a t  
a and P .  The s t a t i o n s  are not equal ly  spaced and t h e  nominal s t a t i o n  d is tances  
a r e  given i n  table  I. 
+O.lOo. 
Because of the questionable fit of equation (1) t o  t h e  data po in t s ,  t h e  r e l i -  
a b i l i t y  of t h e  s t a b i l i t y  data reduced from the t es t s  w a s  inves t iga ted .  
647, f i g u r e  4(a) ,  w a s  chosen f o r  t h e  inves t iga t ion  because t h e  f i t  of equa- 
t i o n  (1) had t h e  g r e a t e s t  l eas t - squares  e r r o r .  
i s  a dashed curve hand faired through t h e  data p o i n t s .  P l o t s  of a and P vs  x 
were used as an a i d  i n  f a i r i n g  t h i s  curve. From t h i s  curve, a r e s u l t a n t  angle- 
of-at tack p l o t  w a s  constructed from which wave lengths  were taken.  For sta- 
t i o n s  1 through 13, a wave length  of 57 feet was determined from t h e  f a i r e d  
curve as compared t o  55.6 f e e t  found from the  f i t  of equat ion (1) r e s u l t i n g  i n  
a d i f fe rence  i n  Cmo of 4 percent .  For s t a t i o n s  11 through 21, a wave length  
of 61 f e e t  w a s  determined from t h e  fa i red curve as compared t o  62.1 f e e t  from 
t h e  f i t  of equation (1) r e s u l t i n g  i n  a difference i n  
seen tha t  while t h e  f i t t e d  curve appears t o  have a r a t h e r  l a r g e  e r r o r  i n  t h e  
f i t ,  t h e r e  i s  not a g r e a t  d i f fe rence  between the  values  of 
t h e  two methods. A d i f fe rence  i n  could not be determined i n  a similar man- 
ner; however, a q u a l i t a t i v e  comparison can be made by observing t h e  peaks of 
t h e  f a i r e d  and f i t t e d  curves.  It can be seen that t h e  peaks of t h e  f a i r e d  
curve increase  i n  amplitude as do those of the f i t t e d  curve. 

The reading accuracy of t hese  angles  i s  approximately 
The curves a r e  t h e  b e s t  f i t  of equation (1) t o  t h e  data po in t s .  

Test  

Also presented i n  f i g u r e  4(a) 

of 3 percent .  It i s  

C, determined by 

The drag coe f f i c i en t ,  CD, w a s  determined from t h e  dece lera t ion  of t h e  
model by t h e  procedure described i n  reference 2. 

RESULTS ANE DISCUSSION 

The phys ica l  c h a r a c t e r i s t i c s  of t h e  models are given i n  table 11. Data 
from four  f l i g h t s  a t  M w 0.7 and two et M ~ 1 . 2  are given i n  t a b l e  111. I n  
the column labe led  "Included s t a t i o n s "  t h e  f i r s t  group of s t a t i o n s  f o r  each 
t e s t  number ind ica t e s  t h e  length  of f l i g h t  before t h e  model swerved out  of t h e  
instrumented region of t h e  range. From t h i s  group of s t a t i o n s ,  drag data are 
obtained. 
da ta  a r e  obtained. Test  654, however, has all t h e  data i n  one e n t r y  and t e s t  
655, which has  no reduced data, w i l l  be  discussed separa te ly .  

Also l i s t e d  i n  t h i s  column are p a r t i a l  t es t s  from which s t a b i l i t y  

The wind-tunnel data from Ames Unitary P lan  Wind Tunnel and AEDC 
Von K&m& F a c i l i t y  Tunnel A, wi th  which the da t a  of t h i s  i nves t iga t ion  a r e  
compared, a r e  given i n  t a b l e  I V .  

5 



S t a t i c  S t a b i l i t y  

The s t a t i c - s t a b i l i t y  resul ts  are presented i n  f i g u r e  5. I n  f i g u r e  5(a)  
the s t a t i c - s t a b i l i t y  parameter, Cmo, i s  p l o t t e d  as a func t ion  of 
p o i n t s  from t h e  subsonic t e s t s  which were a t  near ly  t h e  same Mach numbers a r e  
connected by dashed l i n e s  showing t h e  influence of amplitude on s t a t i c  s t a b i l -  
i t y .  Om, 3 O  t o  
3 . 5 O .  The apparent s c a t t e r  can be l a r g e l y  a t t r ibu ted  t o  t h e  v a r i a t i o n  i n  Mach 
number as seen i n  f i g u r e  5(b) ,  where Cmo i s  p l o t t e d  versus Mach number. Also 
shown i n  f i g u r e  5(b)  are t h e  upper and lower envelopes of slopes taken from 
f i g u r e  6 i n  which t h e  wind-tunnel da t a  a r e  t r a n s f e r r e d  t o  the moment cen te r  of 
t h e  models of the present  i nves t iga t ion .  Since t h e  wind-tunnel data were f u r -  
nished f o r  only 5 O  angle-of-attack i n t e r v a l s ,  t h e  shape of the curve f a i r e d  
through t h e  p o i n t s  i s  subject  t o  some uncertainty,  as i s  t h e  s t a t i c - s t a b i l i t y  
parameter, Cmo, taken a t  t h e  trim p o i n t  (a M 1.5'). 
t h a t  the p re sen t  r e s u l t s  agree s u b s t a n t i a l l y  with t h e  wind-tunnel data. 

Om. The data 

The data p o i n t s  from the supersonic t e s t s  have nea r ly  t h e  same 

It i s  seen i n  f i g u r e  5(b)  

The r e s u l t a n t  angle-of-attack h i s t o r y  f o r  t e s t  655, l i s t e d  i n  table  I11 
w i t h  no reduced data, i s  shown i n  f i g u r e  7 .  It i s  speculated t h a t  during t h e  
sabot separation t h e  model received an unusually l a r g e  disturbance causing t h e  
model t o  exceed t h e  l i m i t  of s t a t i c  s t a b i l i t y ,  about 30' as determined from 
wind-tunnel t e s t s .  The model then r o t a t e d  t o  an  angle of a t t a c k  of about 300' 
and reversed i t s  r o t a t i o n .  From t h e  l imi t ed  amount of motion, it could not be 
determined whether t h e  model would r e t u r n  t o  t h e  nose-forward a t t i t u d e ,  o s c i l -  
l a t e  heat-shield forward, or  tumble. 

Dynamic S-Lability 

The dynamic-stabil i ty r e s u l t s  are shown i n  f i g u r e  8. The parameter 5 
i s  presented as a funct ion of 
the data p o i n t s  i s  i n s e n s i t i v e  t o  small changes i n  t h e  parameters 7, and V2 
and, since E i s  determined from these  parameters,  some s c a t t e r  i s  e q e c t e d .  
However, t h e r e  appears t o  be a t r e n d  of decreasing s t a b i l i t y  with increasing 
maximum angle of o s c i l l a t i o n .  The influence of Mach number on t h e  dynamic sta- 
b i l i t y  can be  seen i n  f i g u r e  8 ( b ) .  
increasing Mach number appears t o  have a d i scon t inu i ty  between t h e  subsonic and 
supersonic Mach numbers; t h e  data might a l s o  be i n t e r p r e t e d  as showing an over- 
a l l  increase i n  dynamic s t a b i l i t y  with Mach number. The e f f e c t s  of Mach number 
and amplitude of o s c i l l a t i o n  on E could not be separated; however, it i s  pos- 
s ib l e  t h a t  t h e  results of t h e  subsonic t e s t s  were more influenced by amplitude, 
w h i l e  the supersonic t es t s  were a t  nea r ly  the  same amplitude and thus  more 
influenced by Mach number as w a s  t h e  case f o r  the  s t a t i c - s t a b i l i t y  resul ts .  
Figure 9, which i s  a c ros sp lo t  of f i g u r e s  5 and 8, shows the dynamic-stabil i ty 
parameter, 5, as a v a r i a t i o n  of t h e  pitching-moment-curve slope,  Cmo* 
be seen tha t  t h e r e  i s  an increase i n  dynamic s t a b i l i t y  wi th  an increase i n  
s t a t i c  s t a b i l i t y .  

om i n  f i g u r e  8(a).  The f i t  of equation (1) t o  

The t r end  of decreasing s t a b i l i t y  with 

It can 
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The drag c o e f f i c i e n t ,  C,,; w a s  deduced f r o m  t h e  da ta  by the  method 
described i n  reference 2 and i s  p l o t t e d  as a funct ion of average Mach number 
f o r  each'run i n  f igu re  10. Also shown f o r  comparison are wind-tunnel values  
in t e rpo la t ed  from f i g u r e  11 f o r  t h e  orms and Mach number of each run. The 
drag curves of f i g u r e  11 were ca lcu la ted  f r o m t h e  wind-tunnel ax ia l -  and normal- 
force  data .  

The agreement between f r e e - f l i g h t  and wind-tunnel drag da ta  i n  f i g u r e  10 
i s  genera l ly  qu i t e  good. The f r e e - f l i g h t  data, however, a r e  cons i s t en t ly  
higher than  t h e  wind-tunnel da ta .  The difference i s  poss ib ly  due t o  t h e  lower 
Reynolds numbers of t h e  f r e e - f l i g h t  t e s t s .  A t  Mach numbers 0.7 and 1.2 the  
Reynolds numbers of t h e  wind-tunnel t e s t s  were 2.gX106 and 3.7X106, respec- 
t i v e l y ,  while t h e  corresponding Reynolds numbers of the  f r e e - f l i g h t  t e s t s  were 
0 . 8 ~ 1 0 ~  and 1.4X106. 
f a c t o r .  Base-pressure cor rec t ions  have not been appl ied t o  t h e  wind-tunnel 
da ta ,  whereas t r u e  base pressure i s  imp l i c i t  i n  t h e  f r e e - f l i g h t  data .  

I n  addi t ion,  differences i n  base pressure  could be a 

CONCLUDING REMARKS 

F ree - f l i gh t  i nves t iga t ions  have been made of models of t h e  Apollo Launch 
Escape Vehicle a t  nominal Mach numbers 0.7 and 1.2 and t h e  r e s u l t s  have been 
compared with wind-tunnel data .  The model was found t o  be s t a t i c a l l y  s t a b l e  
nose forward up t o  t h e  maximum angle t e s t e d ,  7.6', and the  r e s u l t s  were i n  sub- 
s t a n t i a l  agreement with wind-tunnel data .  

The dynamic s t a b i l i t y  appeared t o  decrease as the  maximum angle of o s c i l -  
l a t i o n  w a s  increased,  and t o  increase a s  t he  s t a t i c  s t a b i l i t y  w a s  increased. 

The drag w a s  measured and found t o  compare reasonably w e l l  wi th  wind- 
tunne l  data .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett F i e ld ,  Calif., Sept 28, 1965 
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R W  
number 

d ,  M a s s ,  xcg 
i n .  slugs d 

647 
654 
65 5 
657 
666 
668 

zcg - 2 
d d 

- -  

TABLE I.- NOMINAL S T A T I O N  DISTANCES 

1.998 

2.003 

1.999 
1.999 

1.998 

2.001 

TABLE 11.- P H Y S I C A L  CHARACTERISTICS O F  MODELS 

0.00996 0.720 0.038 

.01014 ,716 .037 

.01012 .708 ,035 

.01012 .TO9 .036 

.oiooo .712 .037 

.oioii .710 .035 

3.146 
3.152 
3.184 
3.146 
3.149 
3.149 

4 5 
1,XlO , I  1,XlO , 

I 
2.43 I 1.70 
2.34 1.70 
2.46 I 1.75 

T A B U  111.- TEST C O N D I T I O N S  AXE F I N A L  DATA 

- 
1.13 
1.18 
1 . 1 5  
1.18 
1.19 
1.18 

--- --- 
-. 97 -2 .1 ,0110 

-1.1 - 5 . 1  .0122 &I --- --- 

a 



(Z, / d )  =0.03701 

3.50000 
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Figure 4.- Free-flight motions. 
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Figure 4. - Continued . 
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Figure 4.  - Continued . 
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Xcg/d = 0.707, Zcg/d = 0.036. 
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Figure 8.- Dynamic s t a b i l i t y .  
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